Abstract-The increasing penetration of photovoltaic (PV) systems in distribution networks often causes overvoltage problems. One solution to address this issue is the provision of reactive power (RP) by the PV converters. This can cause increased power losses on the PV converters leading to additional operational costs. However, the manufacturers of commercially available PV converters provide data regarding the converter losses only under unity power factor (PF). The data are also limited regarding the technical details of the PV converters. This paper presents a methodology to estimate analytically the power losses in two-stage PV converters under an RP provision based on the efficiency curves at PF = 1 for different PV voltages and the limited information given in the PV converter datasheet. The losses are separately estimated for the dc-dc converter and the dc-ac inverter, because the losses on the former are not affected by the RP, while the losses on the latter are. The method is validated with field measurements of PV converter losses under RP provision and with detailed simulations.
voltage and injected power [9] or according to signals sent by the Distribution Network Operators [10] . These solutions address the voltage regulation in a sufficient way. Nevertheless, they mostly ignore the PV converter (PVC) operational cost due to the RP exchange. As RP is mostly needed under high active power injection, the new PVCs need to be oversized in order to avoid active power curtailment [11] , leading to increased purchase cost and efficiency reduction [12] .
The future Smart Grids will use the PVC RP capability for voltage regulation purposes as a new ancillary service (AS) provided at distribution system level [13] . Currently only the RP provided by conventional synchronous generators at transmission level is considered as AS and is traded in the respective AS market. It is noted that the additional losses incurred in their excitation system and stator are taken into account as operational cost for the proper RP remuneration in those AS markets [14] . Therefore, the additional purchase (due to oversizing) and operational (due to power and energy losses) costs for the PVCs must be quantified in order to be able to be remunerated, as well.
Nowadays, the PVC manufacturers provide efficiency curves only at power factor (PF) = 1 as function of the PVC output power, for 2 or 3 input DC voltages, -as in Fig. 1 [15] , [24] . They also do not provide information about technical details for the power switches, filters, PWM switching frequency, etc. They do mention the number of Maximum Power Point Tracking (MPPT) inputs, i.e., the number of DC/DC converters, and the PF limits within which the PVC can operate [15] , [16] .
Although there are many mathematical models describing the PVC efficiency curve [12] , [17] , [18] in association with the DC voltage and power level, all of them refer to PF = 1. The losses incurred to the PVC at PF ࣔ 1 have been so far addressed to a very limited extent, [19] [20] [21] [22] [23] . In [19] the operation of a specific three-phase (3ph) inverter has been tested at Sandia National Laboratories and then modelled in MATLAB/Simulink at PFࣔ1. The results showed that RP provision leads to PVC efficiency decrease. In [20] four Volt/Var control methods are tested in a specific 3ph inverter in the same laboratory. The effects of these methods on the inverter efficiency, the real power delivered to the grid and on the inverter service life are discussed for each control method. An empirical expression is derived associating the losses to the PF, output current and PV voltage. However, this expression was determined through trial and error and is not expected to be unique, because it concerns a specific 25 kVA PVC. In [21] the switching and conduction losses of IGBTs and diodes are analytically expressed for two different inverter topologies (single-phase, two-level, H-bridge and three-level NPC half-bridge inverter) based on the knowledge of the switches' details (forward voltages, junction-to-case thermal resistance, etc.). Their results are compared to simulation of such converters with detailed IGBT and diode models in Simulink environment. The modulation index m was taken in all cases equal to 1. In [22] , [23] single-phase (1 ph) PV H-bridge inverters are simulated in MATLAB/Simulink and PowerSim, respectively, under the operation at non-unity PFs. The results of the simulation and impacts of RP provision on the diodes and IGBTs conduction power losses (switching losses are ignored), thermal behavior (temperature rise) and deterioration in life expectancy of the switches are discussed. In [22] a reliability analysis is performed based on a yearly thermal loading profile of the PV inverter together with a cost-benefit analysis of RP provision to the grid outside the feed-in hours. In [23] it is proved through simulations that the losses and temperature rise are slightly higher at leading PFs compared to the lagging PF for the same PF value due to the fact that the inverter output voltage is higher for lagging PF operation. In all of these studies, only the inverter losses are examined, since they are affected electrically and thermally by PFࣔ1. However, most commercially available converters have at least one MPPT input [15] , [16] , [24] . Furthermore, all the evaluations of the power losses in [19] [20] [21] [22] [23] (either analytically or by simulation) depend on the knowledge of the aforementioned technical details of the PVC elements (switches, etc). However, such details are not provided in the manufacturer's datasheets and it is quite difficult to simulate a commercially available PVC without knowing the technical details. Therefore, there is no generic method for estimating the power losses of the PVCs operating at PFࣔ1 from the rough data provided in the datasheets, especially with the existence of a DC/DC converter, when the DC-link voltage V D C −L is not given.
To fill this gap, this paper presents an analytical tool for estimating the power losses on PVCs under PFࣔ1 based on the limited information given in the manufacturers' datasheet for PF = 1. The power losses are separated in the conduction, switching and filter losses on the boost converters and on the inverter. The latter depend on the PF, while the former do not.
The novelty of this methodology lies to the separation of the losses on the boost converter and inverter, when given are only the aggregated losses for PF = 1 and the operating points of the whole PVC. For this reason, the DC/DC converter losses are expressed as function of the PV string parameters, i.e., PV voltage and power, while the inverter losses are expressed as function of the AC output voltage, power and PF. Also, the shape of the efficiency curves for various PV voltages is exploited together with basic power electronics theory [25] to evaluate whether the DC/DC converter operates at continuous (CCM) or discontinuous conduction mode (DCM).
The validity of the proposed tool was tested with field measurements of the losses of existing PVCs operating at various PFs in the range of 0.8 leading to 0.8 lagging with the respective DC/DC converters operating at DCM. In addition to field measurements, detailed simulations were conducted to test the validity of the tool when the DC/DC converter operates at CCM while the inverter operates as current-controlled voltage source.
The proposed tool is suitable for the commonly used 1ph or 3ph string PVCs, which consist of: a H-4 or H-6 bridge inverter and one or more non-isolated type DC/DC boost converters utilized for performing the MPPT tasks. It is also suitable for the rare cases, where the PVC consists only of an H-bridge inverter.
II. THEORETICAL FRAMEWORK AND POWER LOSSES MATHEMATICAL MODELS
In most PVC datasheets the efficiency curves are given at PF = 1 for 2 or 3 different PV voltage levels (V d ), as shown in Fig. 1 . In some cases, the manufacturer provides a general outline of the PVC topology [16] , [24] , e.g., whether it contains a transformer, where capacitors and filters are placed, etc. In cases such an outline does not exist, one can guess the existence and the number of DC/DC converters from the number of DC inputs with MPPT capability, each of which can operate at different V d . Several other details concerning the DC/DC converter, the inverter (full-bridge, half-bridge, H-6 or H-5), filter magnitude, switching frequency, PVC control method, etc., are omitted in the PVC datasheet.
In case the PVC datasheet mentions that the PVC has MPPT capability over a wide range of PV voltages, then, apart from the inverter, there is a DC/DC converter. Currently the most preferred DC/DC converters are the buck-boost and the boost converter due to their simplicity [26] , [38] . However, usually, there is no information about the type of the DC/DC converters, i.e., whether they are boost or buck-boost. This information can be derived by observing the number of efficiency curves (Fig. 1) , where one efficiency curve per V d is given. While some manufacturers provide the type of the DC/DC converter [16] , others omit this information (Fig. 1(b) - [24] ). Nevertheless, the common thing in both cases of Fig. 1 is that the highest efficiency (hence, lowest losses) appears in the "median" V d . This can be explained considering the following analysis which is based on the operating principles of basic non-isolated DC/DC topologies:
In PV applications the inverter maintains V D C −L constant, while the DC/DC converter performs MPPT (Fig. 9 in the Appendix). For given V D C −L the power losses on the DC/DC converter depend on V d and on the PV power, P in . The value of V d is determined by the duty cycle D of the DC/DC converter switch. Moreover, according to the overall design of the DC/DC converter, it may operate at DCM or CCM depending on its loading, i.e., the output current I o . This dependence can be derived analytically for the two types of DC/DC converters by using the following expressions per converter type [25] :
Buck − Boost :
Using the above equations, graphs ( Fig. 2) showing whether the DC/DC converter operates in DCM or CCM can be drawn as a function of the duty cycle D and the converter loading expressed via the ratio I o /I oB,max , where I oB,max is the maximum value of the boundary output current I oB . As can be noticed in Fig. 2(a) , increasing V d , for the same loading, moves the buckboost converter closer to the DCM. Further increase of V d will keep this converter type within the DCM region. The latter is explained by the fact that (2d) is a second order function, i.e., it is monotonous. On the contrary, (1d) is a third order function, i.e., it is not monotonous, as shown in Fig. 2(b) the boost converter may operate at DCM for "median" values of V d , while for larger or lower values of V d it may operate at CCM. Since the DCM operation means lower losses and higher efficiency, it is expected that in a boost converter the highest efficiency will appear in this "median" voltage within the range of V d that is allowed by the PVC datasheet. Therefore, when observing a figure similar to Fig. 1 , where the efficiency at 600 V ( Fig. 1(a) ) or at 620 V ( Fig. 1(b) ), is higher than at 400, 500 or 800 V, it can be concluded that the DC/DC converter involved is a boost one.
A graph like Fig. 2 (b) can be derived provided that V d and V D C −L are known. However, the PVC datasheets contain information only about V d [15] , [24] , while the value of V D C −L is omitted. The range of V D C −L can be estimated after reasonable engineering assumptions: in case there is a boost converter, obviously, the minimum V D C −L is higher than the highest V d . In case of a buck-boost converter the minimum V D C −L can be assumed to be 700 V, since below this value the inverter would operate in the over-modulation region when connected to a 400 V, 50 Hz grid, leading to increased harmonic distortion of the injected currents [36] . The maximum value of V D C −L can be considered as 1 kV for the following reasons: the duty cycle, D, of boost and buck-boost converters is limited to below 0.6, in order to maintain high efficiency and controllability [25] . This value of D together with the lower V d for CCM determines the maximum value of V D C −L together with the fact the 1 kV is close to the upper limit for an equipment to conform for LV installations. As an example, for the PVC of Fig. 1(a) , Based on the aforementioned analysis, Fig. 3 has been drawn using (1) It is now evident from the above analysis, the reason why most PVC manufacturers prefer boost instead of buck-boost converters: for a given range of V d and V D C −L , it is much easier for a boost converter to operate at DCM, i.e., at higher efficiency, for almost the full range of power, while a buck-boost would operate at DCM only at very low loading conditions (compare Fig. 2 (a) with Fig. 2(b) ). Additionally, in [26] it is mentioned that the two-stage PVC consisting of (i) a boost converter for MPPT and (ii) an inverter with high-frequency PWM control method, is a commonly used PVC topology.
The above analysis is essential for the determination of the DC/DC converter type, since already known expressions will be used in order to derive the method presented in this paper. As shown in the Appendix, the total inverter losses can be expressed as a function of the output power P o , the converter rated power S b , the filter reactance x f (pu) expressed in per unit and the operating PF = cosϕ
while the DC/DC converter losses can be expressed as a function of converter input power P in Therefore, the total PVC losses, P P V C total , can be expressed as either P
It can be noticed that (4) does not include the PF. This is reasonable since the DC/DC converter cannot regulate any RP. This can be done only by the inverter through the control of the amplitude and phase of the injected AC currents. For this reason, the PF appears only in (3). The losses on both converters depend on the voltages and currents as analytically derived in Appendix. Therefore, they can be expressed as functions of P in and P o . This was done because usually the losses and the efficiency are demonstrated as function of the PVC loading in terms of power and because the power is something easy to measure.
The coefficients c i and c i in (3) and (4) are actually functions of: i) converter hardware parameters (as shown in the Appendix) that are unknown as they are normally not provided by the manufacturer. These parameters are properties of a given PVC hardware and are affected by their temperature. However, the cooling system of the PVC maintains the internal temperatures within the permissible levels. Thus, it can be said that these hardware parameters are only slightly affected by the PVC ambient and loading conditions, as the internal junction temperature is kept more or less constant through the surveillance of the cooling system. It is noted that under extreme ambient conditions the PVC enters a power-derating mode taking a feedback from its cooling system. However, the losses in such abnormal operating conditions are not examined in this paper. ii) other operating parameters, such as the PV string voltage, V d and the AC grid voltage V g . It is also noted that the coefficients c i and c i in (3) and (4) are not functions of the PF (see Appendix). It is important to note that (3) was derived is such a way so as to "isolate" the PF outside any other coefficient. The coefficients c i and c i in (3) and (4) can be determined following the methodology proposed below, if a sufficient dataset is given. This dataset is the efficiency curve as function of the PVC loading that is normally provided by the PVC manufacturer for PF = 1 under various PV string voltages, V d , and for given AC grid voltage V g . Determining these coefficients, subsequently allows the estimation of the converter losses at any PF using (3)- (5) . As shown in Appendix, c i = c i = 0, for i ≥ 6 in case a boost converter is absent.
III. PROPOSED METHODOLOGY
The proposed methodology is based on: r the separation of the losses on the DC/DC converter and the inverter in case the PVC is a two-stage one r estimating the coefficients c i and c i in (3) and (4) by setting initial values for those coefficients using data provided by the PVC manufacturer for PF = 1 and following reasonable technical constraints
A. Separation of the Losses at Non-Unity PF
Based on the theoretical framework presented in the previous section, and observing the PVC datasheet, the steps for deriving the P Fig. 1(a) or Fig. 1(b) . A diagram similar to Fig. 3 can be derived using (1) in order to decide for which V d the converter operates at CCM or DCM. 3) Extract a number of pairs (η, P o ) of efficiency, η vs PVC output power P o , from the efficiency curve for a specific V d and PF = 1. The extraction can be made using any software (e.g., GetData Graph Digitizer [37] ) that can extract points from a diagram. An alternative way to obtain these pairs is to express mathematically the specific efficiency curve using the simple method mentioned in [12] as
Parameters A, B and C can be easily calculated by: (i) choosing three pairs of (η, P o,pu ) that correspond to P o,pu = 0.1, 0.2 and 1 pu from the PVC efficiency curve; (ii) solving the system of the three linear equations with three unknowns. The number of pairs should be more than 50, so as the curve-fitting approach mentioned in the following steps is effective.
4) Calculate P in and P P V C total with:
5) insert the values derived in step (4) as Z = P P V C T otal , X = P o and Y = P in in a Curve Fitting Tool (e.g., the one in MATLAB) 6) Express the P I nv loss in the form of (3) using (A2), (A4) and (A14) in Appendix; they correspond to filter, conduction and switching losses. loss at any P o and PFࣔ1 using (3). 12) Substitute P in = P P V C total + P o either in (4a) or in (4b) depending on the operation mode. 13) Insert the derived (4a) or (4b) into (5a) or (5b) respectively, Now, the only unknown is P P V C total . 14) Solve (5): a) It is noted that (5a) yields a 2nd order equation with respect toP The two out of the four solutions are excluded as technically unreasonable. Out of the two reasonable solutions-which are generally very close-the higher value should be selected since the other one gives losses lower than at PF = 1, as it will be shown. (3) and (4) v) The number of switches with antiparallel diodes in the inverter can be N = 2 or 4 for 1 ph inverters and N = 6 for 3ph ones [26] ; In the DC/DC converter it is considered to be N = 1/MPPT input. The number of MPPT inputs can be taken from the PVC datasheet. vi) As it can be deduced from the datasheets of IGBT and diodes manufacturers [27] , [28] , the on-state, zerocurrent, collector-emitter voltage, u CE0 and the forward voltage u F0 are in the range 0.5-2 V. Another constraint is that u CE0 > u F0 , for IGBTs with anti-parallel diodes. The equivalent resistances r CE and r F are in the range 10 to 100 mΩ; These parameters are used for the estimation of the range of coefficients, k 12 -k 20 with (A14), (A15) and (A16).
B. Determination of Coefficients Following Technical Constraints
vii) x f (pu) ࣘ 0.1 pu in order to limit the AC voltage drop during operation, thus enhancing the dynamic response of the PV inverter [30] . viii) the switching frequency is usually in the range 5-30 kHz for both converters composing the PVC [29] ; it is used for the estimation of the range of coefficients, k 3 -k 11 with (A4), (A9) and (A10). The maximum value of the switching frequency is also limited by additional constraints on coefficients c 1 and c 1 mentioned below. ix) the modulation index m ࣘ 1, since over modulation causes excessive harmonic distortion [25] ; x) Usually, the IGBT and diode manufacturers provide the switching energy losses as a 2nd order function of the current measured at a specific voltage V nom . Therefore, the maximum values of the coefficients α, β, and γ (also defined in Appendix) of the switching losses are α max = 5·10 −4 , β max = 0.05, and γ max = 5, when the switching energy loss is expressed in mJ [32] . The minimum value of V nom has to be equal to the minimum V d (information from the datasheet) and its maximum value is up to 1.5 kV, for PVC in LV applications. These parameters are used for the estimation of the range of coefficients, k 3 -k 11 with (A4), (A9) and (A10). xi) Since I oBmax is the maximum boundary current at the DC-link, its minimum value is for maximum V D C −L = 1 kV, thus, I oBmax ࣙ S b /1 kV, while its maximum value is for the lowest V D C −L (in the extreme case it is equal to the highest V d ) and the highest P in taken from (7a), i.e, I oB m ax ≤ P in,max /V d,max . This parameter is used for the estimation of the range of coefficients, k 6 -k 7 , k 9 -k 10 , k 16 and k 19 with (A9), (A10), (A15) and (A16). xii) Coefficients c 1 and c 1 account for the PVC losses at zero output power. However, the PVC manufacturers provide the efficiency up to a minimum P o but not at P o = 0 as can be noticed in Fig. 1 . Therefore, their maximum value is set by the losses calculated from the lowest of the efficiency curves provided in the datasheet at the lowest P o (denoted with red circles in Fig. 1 ). The minimum value of c 1 and c 1 must be set slightly larger than the PVC standby losses (standby losses appear when the PVC is completely de-energized). A good guess is to set them equal to one fourth of their maximum value.
IV. VALIDATION
The power losses derived with (5a) and (5b) will be validated through simulations and measurements, respectively. The authors had full access to a relatively large PV plant in Greece, the PVC of which operated at DCM. In this plant we could change the PF settings of eight PVCs and make them operate at nonunity PF. For the period of a week we could measure P in and P o on each of the PVC, thereby calculate their losses. To make some of the PVC operate at CCM would require to reconfigure their PV strings so that they would operate either close to 400 V or close to 800 V. Such a reconfiguration was not allowed by the PV owners, prohibiting us to evaluate the losses under CCM with field measurements. As the authors do not possess a 
A. Field Measurements -Discontinuous Conduction Mode
In a 1003.52 kW p PV plant in Central Greece (39°36 52 N and 21°52 38 E), fifty-six SMA Sunny Tripower17000TL PVCs have been installed and operate since November 2010 with no RP exchange. In July 2017 eight PVCs were set for a week (15/07 to 23/07) to operate at eight different PFs (four of them at PF = 0.8, 0.85, 0.9 and 0.95 in over-excitation mode, while the other four at the same PFs in under-excitation mode). It is noted that we adopted this approach in order to avoid violating the grid code imposed by the Greek Distribution System Operator that demands all PV plants to operate at unity PF at their point of common coupling with the distribution grid. For the same eight PVCs, measurements of losses were taken also during the previous week (07/07-14/07) when they operated at PF = 1. The PVC losses were measured by monitoring (every 10min) their power at the DC and AC side.
Simultaneously, their PF was measured to test whether it was equal with the set value. Although the eight PVCs are of the same type, they actually differ by some small manufacturing details and operate at slightly different PV voltages (V d ∼ 550-565 V) and local ambient temperature conditions. For these reasons, instead of using the efficiency curve for 600 V shown in Fig. 1(a) , their actual efficiency curve for PF = 1 was measured. These eight efficiency curves were found to be very close (although not exactly) to the one shown in Fig. 1(a) for 600 V.
This fact implies that the respective boost converters operated at DCM. Therefore, (5b) will be validated through the following measurements. The next step was the estimation of coefficients c i , c i , (i = 1 − 9) in (5b) by inserting more than 300 measured values of (P o , P in , P P V C total−D C M )in MATLAB Curve Fitting Tool. The version of MATLAB that has been used is: R2017a, 64bit running on a 16GB RAM, Core i7-6700, 2.6 GHz computer. Setting the technical constraints described in Section III.B and equations (A1-A17), the range of the sub-coefficients k i and subsequently of the coefficients c i and c i , (i = 1 − 9)at DCM were estimated as shown in Table I Table II and show small differences among the eight PVCs due to the different operating conditions mentioned before.
The final step was to evaluate the PVC losses via (5b) using the derived coefficients and compare the results with the actual measurements of the PVC losses for the eight different PFs. This is shown in Fig. 5 for the cases of under-excitation and in Fig. 6 for the cases of over-excitation. The good convergence of calculations by (5b) and measurements validates the proposed methodology in the case of DCM.
As mentioned before, (5b) yields two solutions. The second solution (depicted as Solution 1) also appears in Fig. 5 (d) and 6(d) with black solid line. This solution is technically unacceptable because it estimates losses at PF = 0.95 smaller than in the case with PF = 1.
B. Simulations-Continuous Conduction Mode
In order to have the same basis in all the validation cases and to derive a rather realistic simulation model, we tried to simulate the SMA Tripower 17 kVA converter. The simulation was carried out with the PSIM software, in particular using its Thermal Module that allows the detailed simulation of the conduction and switching losses. Using as input the maximum power rating of the converter, suitable switches (IGBTs and diodes) have been selected from the database of IXYS company [33] , [34] . The aim was to build a model that would simulate as accurately as possible the operating conditions described in the respective manufacturer leaflet [15] and yield almost the same efficiency curves for PF = 1 and for the three PV voltages (400, 600 and 800 V). Then, using the Thermal Module option of the simulation software, the losses could be estimated at various non-unity PFs. These losses are then compared to the losses derived using the proposed methodology, i.e., using (3) and (4a) after estimating the coefficients c 1 -c 7 in them based only on the data from the efficiency curve at PF = 1.
The boost converter has been designed in the simulation model, so that: it has 99% efficiency at 17kW; its DC voltage ripple does not exceed 1%; it is in CCM for V d = 800 V and P o = 1 − 17 kW; it is in DCM at 600 V for P o = 1 − 17 kW; it is near the boundary condition at 400 V and P o = 16 kW. The above conditions lead to the selection of V D C −L = 830 V. The selected inductor, capacitor and switching frequency are 186 μH, 781 μF and 13 kHz. Other parameters of the boost converter hardware are shown in Table III. TABLE III  HARDWARE PARAMETERS OF THE [35] . Other parameters of the inverter hardware are shown in Table III . The inverter is controlled as a CurrentControlled Voltage Source [25] with f inv sw = 10 kHz. The operating junction temperature of the various switches was set to 125°C.
Running the simulation model for PF = 1, P o = 1-17 kW and V d = 400, 600 and 800 V, all losses (conduction, switching, and filter) were calculated. The respective efficiency curves are shown in Fig. 7 together with the curves provided by the manufacturer for the same conditions. The good fitting implies that the simulation model is quite realistic. An estimation of the good fitting can be made through the Root-Mean-Squared-Error (RMSE) which was evaluated to be: 0.14 for the 400 V curves, 0.20 for the 600 V curves and 0.24 for the 800 V curves if the efficiency is expressed in percent as in Fig. 7 . Then, the simulation model was run at V d = 800 V for PF = 0.8 and 0.9 in over-excitation and under-excitation mode for the whole range of P o . The losses on the PVC are shown in Fig. 8(a) and Fig. 8(b) with dots.
Next, the coefficients c i , (i = 1 − 7) in (3) and (4a) were evaluated using 50 values form the 800 V curve of Fig. 7 and the procedure described in Section III with upper and lower limits of Table IV for c 1 , c 6 and c 7 and with upper and lower limits of Table I for c 2 −c 5 . Finally, using (5a) with the derived coefficients, the PVC losses were calculated for the same PFs as shown in Fig. 8(a) and Fig. 8(b) with solid lines. The very good fitting implies that the proposed methodology is valid also for the cases of CCM, in two-stage PVCs.
The effectiveness of the proposed methodology can also be demonstrated with the evaluation of the coefficients c 1 -c 7 in (3) and (4a). In the case of detailed simulation all hardware parameters are known as shown in Table V . Therefore, the coefficients c 1 -c 7 can be calculated following the equations in Appendix. The calculated coefficients are shown in Table V as "actual". The same coefficients are estimated following the proposed fitting methodology and are also shown in Table V as "estimated". It can be observed that the proposed methodology can make very good estimation of the coefficients for two-stage PVC with boost DC/DC converters provided that a sufficient number of data points from the efficiency curve at PF = 1 are available and reasonable technical constraints are given for the range of some parameters. The presented method is based on basic operating principles of the power converter theory and on the efficiency curve at PF = 1 given by the manufacturers, without requiring detailed knowledge of the involved hardware parameters or even the level of DC-link voltage. The analytical expressions of the losses and their separation have been validated for the specific type of PVCs, i.e., string PVC, with DC/DC boost converter and 3-phase, H-6 bridge inverter. It is shown that for a certain range of commonly used PV voltages the involved boost DC/DC converter operates at DCM for almost all power range, thereby with increased efficiency. This feature explains why the PVC manufacturers prefer this type of DC/DC converter for 3-phase PVCs of small to medium size (1-50 kVA). A method for deciding whether the PVC operates at DCM or CCM has also been suggested. The proposed methodology can be useful for the following reasons: i) currently the PVC manufacturers do not provide data on the losses when the converter operates at PFࣔ1 because, until, now these converters were required to operate only at PF = 1, ii) it is expected that in the near future, the converters will be required to provide RP as an AS. It is evident that this AS must be quantified in order to be remunerated. Knowing the additional losses incurred on the converter when providing RP is equivalent to knowing its additional operational cost. The following example serves as clarification of the above assertions: Let us assume the 17 kVA PVC operating under Central European conditions as shown in Table VI . In case it operates with PF = 1, the energy that will inject into the grid is 25.1 MWh assuming 3000 h/year of equivalent clear days. In case it operates with PFs as shown in row 4 of Table VI, the energy that would be injected is 22.8 MWh. This difference of 2.3 MWh/year is the operational cost -in terms of energy-of the PVC for providing RP to the grid. iii) Although the proposed methodology was validated concerning specific PVC topologies, the presented theoretical background together with the idea of separating the individual losses among the components of the PVC that are affected or not by the RP, can be used by researchers and design engineers for other topologies as well. iv) Additionally, as pointed out with the technical literature review in Section I, measurements of PVC losses, when they exchange RP have been taken so far only in lab environment. This paper presents measurements of PVC losses taken in a real 1MWp PV plant. Important is also the fact that the measurements were taken for the same type of PVCs, making them operate at different PFs at the same time with the same ambient conditions for one week. Exactly the same eight PVCs were also monitored with respect to their losses, one week earlier while operating under PF = 1. The authors believe that such a measurement setup makes the comparison of the losses under various PFs more solid.
APPENDIX
The losses on the DC/DC converter will be expressed as a function of the input DC current I d = P in /V d while the losses on the inverter as a function of the output AC current-ei-
where V g is the ac output phase voltage. The additional parameter λ is used in this paper to indicate whether the inverter of the PVC is a 3ph or a 1 ph one. Hence λ = √ 3 for 3ph inverters, while for 1 ph ones λ = 1. The losses on the switches (IGBTs and diodes) and the losses on the filter inductors are considered. The IGBT and diode losses can be divided in three groups [27] : conduction, switching and blocking (leakage) losses with the latter being negligible.
For given V d the ohmic losses on the DC/DC converter inductor can be expressed as a function of I d , and P in [27] . The diodes' losses are usually a 2nd order function of the diode's forward current (I F ) for a specific DC voltage, as it can be seen in many diodes' datasheets. Within certain limits, the dependence on the DC voltage can be assumed to be linear [28] , therefore,
where V nom is the DC voltage for which the switching energies are given, while V D C −L is the DC-link voltage that is actually applied on the switch or diode. The coefficients α, β, γ are provided by the switch manufacturer, while subscript x refers to either the inverter (x = 1) or DC/DC converter (x = 2). In the inverter, the currents I C and I F in (A3) are the instantaneous values of i P · sin(2πt/T o ). It is noted that the IGBTs and diodes conduct over half period (T 0 /2). The average switching power losses are calculated by the switching energies over a period T 0 of the output frequency (50 or 60 Hz) multiplied with the switching frequency f inv sw [28] . Therefore, the total switching losses can be expressed as
In the DC/DC converter, the instantaneous switch current is
. For the diode, I F = i L,max for the calculation of E diode rec . Therefore, the aggregated switching losses for a DC/DC converter can be described by
If ΔI L is the inductor current ripple, and f boost sw the switching frequency, it can be proved that,
In DCM, i L,max = ΔI L and i L,min = 0 and the duty-cycle D depends on P in ,
Since in the CCM, I oB ,max , V D C −L and V d can be assumed to remain constant, it can be proved using (A5)-(A7) that the switching losses can be expressed as 2nd order function of P in
In the DCM using (A5), (A6) and (A8) the switching losses are in the form of P boost sw = k 9 P in + k 10 · P in + k 11 with
The conduction losses in both converters, appear on the IGBTs and the diodes. IGBT conduction losses [27] can be calculated using an IGBT approximation with a series connection of DC voltage source (u C E 0 ) representing the IGBT on-state, zero-current, collector-emitter voltage and a collector-emitter on-state resistance (r C E ). The same approximation can be used for the diodes with u F 0 being the forward voltage and r F the forward resistance. Therefore, the conduction losses of either the IGBT or the diode (denoted as x below) over a switching period T sw can be expressed as t + ϕ), it can be proved [25] , [28] that the losses on the IGBT and diode can be expressed as function
IfĒ∠δ
• and V g ∠0
• are the voltages across the inverter output filter reactance X f , the modulation index (m ≤ 1) can be expressed as
where S b is the nominal PVC AC apparent power while w = 0.5 · 3/2 for 3ph inverters and w = 0.5 · √ 2 for 1 ph inverters, while λ has been defined above [25] . Using (A12)-(A13) the conduction losses for one IGBT with its anti-parallel diode are given in (A14). In the boost converter the average currents are
. These values are independent of the conduction mode, however, the latter affects the RMS currents, because the conduction periods differ. 
while for the DCM the form is different P boost cond = P in k 19 P in + k 20 with 
(5a) and (5b) are derived. An alternative way to express the losses on the PVC could be via the conventional average switching cycle loss model [39] , [40] . According to this model the switching losses are expressed as a function of the average switch current, the reverse recovery charge, Q rr , and the reverse recovery time t rr in order to express the switch-off losses of diodes. Both Q rr and t rr are given in the datasheets of the switch manufacturers as function of the switch forward current (usually a 2nd order function together with the switching energy/recovery losses), [28] , [32] , [35] . If Q rr and t rr are expressed as functions of the switch current and eventually as function of the power (either P in or P o depending on the converter type), expressions similar to (A4), (A9) and (A10) can be derived, although with different respective coefficients. This implies that the proper range of these new coefficients should be defined for the proposed model to converge. Regarding the conduction losses, the conventional average switching cycle loss model does not differ from the approach presented in this paper. Therefore, expressions similar to (A14)-(A16) can be derived if the average switch current is expressed as function of P in or P o .
It is noted that the dependencies of Q rr and t rr on the switch current have already been incorporated in the values of the switching energy losses provided by the switch manufacturers. Therefore, expressions like (A3) are more accurate and additionally relate more directly the switching losses with the power of the converter. This is the reason why they have been preferred in this paper for deriving the analytical expressions of the switching losses instead of the average switching cycle loss model.
